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Abstract: This paper, based on the analysis and calculation of the groundwater resources in an arid region from
1980 to 2001, put forward the concept of ecological groundwater level threshold for either salinity control or the
determination of ecological warning. The surveys suggest that soil moisture and soil salinity are the most important
environmental factors in determining the distribution and changes in vegetation. The groundwater level threshold of
ecological warning can be determined by using a network of groundwater depth observation sites that monitor the
environmental moisture gradient as reflected by plant physiological characteristics. According to long-term field
observations within the Ejin oases, the groundwater level threshold for salinity control varied between 0.5 m and
1.5 m, and the ecological warning threshold varied between 3.5 m and 4.0 m. The quantity of groundwater resources (renewable water resources, ecological water resources, and exploitable water resources) in arid areas can
be calculated from regional groundwater level information, without localized hydrogeological data. The concept of
groundwater level threshold of ecological warning was established according to water development and water resources supply, and available groundwater resources were calculated. The concept not only enriches and broadens
the content of groundwater studies, but also helps in predicting the prospects for water resources development.
Keywords: evaluation; water resources; Ejin oasis; ecological groundwater level; groundwater level threshold of ecological
warning

Oases are the most fundamental ecosystem in arid desert regions (Wang et al., 2011). The ecological carrying capacity of water resources in desert oases is
quite limited and ecosystems are very fragile. Accordingly, it is important to address the issue of regional ecological balance when exploiting water resources in arid regions (Gao and Li, 1991; Enrico et
al., 2002; Cao and Feng, 2012). To protect headwater
areas and rationally exploit water resources in a more
efficient manner, the water-regulating functions of
alpine ice-snow, forests, grasslands, gobi and deserts
must be investigated (Cheng and Qu, 1992; Zhu and
Wang, 1993; Dong et al., 1995; Umar et al., 2001).
Hydrologists have been paying little attention to

ecological issues in the exploitation of water resources
(Asbjornsen et al., 2007; Xi et al., 2010; Zhu et al.,
2010). People generally believe that the dynamic water resources in arid regions can be equated to exploitable water resources and that groundwater serves
as a rapid readjustment factor (Charney et al., 1975).
Such ideas have led to the excessive exploitation of
groundwater in many regions. Ecological views and
theories should, therefore, be employed in investigating water resources and in developing environmental
assessments of water resources.
Desert riparian forests serve as a natural screen to
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protect the ecosystem in arid desert environments,
such as in the arid zones of Northwest China, where
oases on river sides represent some of the richest desert ecosystems. These special ecosystems, populated
with Populus euphratica Oliv. (poplar) and Tamarix
ramosissima Ledeb. (tamarisk), are internally controlled and interact with surrounding deserts (Jin et al.,
2008).
Over the past 40 years, the agroecosystems in the
middle and lower reaches of the Heihe River have
been rapidly deteriorating due to anthropogenic factors
including large-scale exploitation of surface and
ground water resources. Overexploitation of water
resources in the midstream of the river has led to the
lowering of water table depths (WTD), drying up of
lakes, wilting of plants, degradation of oases and exacerbation of dust storms.
Between 1960 and 2001, in the Ejin region, the area
of Populus euphratica Oliv. forest decreased from
2.94×104 km2 to 2.06×104 km2; the area of Tamarix
ramosissima Ledeb. forest from 1,500 km2 to 837 km2;
and the area of Haloxylon ammodendron (C. A. Meyer)
Bunge from 2,550 km2 to 1,852 km2, and is continuing
to decrease at a rate of 27 km2/a (Liu and Zhang, 2002;
Feng et al., 2004).
The number of woodland’s plant species has decreased from about two hundreds to a few dozens.
Desert plant species such as Calligonum mongolicum
Turcz., Artemisia desertorum Spreng. and Nitraria
tangutorum Bobrov have died out over large areas and
vegetation cover decreased by 30%–80% from 1960 to
2001. Biomass of natural grasslands decreased accordingly during the same period (Shu et al., 1998).
Degradation of the vegetation has exacerbated land
desertification in the region. Sand and dust materials
taken up and transported by wind seriously pollute the
environment. During the period of 1989–2000, 55 dust
storm events occurred in the downstream of the Heihe
River, averaging 5 times per year, which is four times
than before 1980 (Wang et al., 2003).
In recent years, the river basin has faced increasingly serious ecological challenges, including the demise of large tracts of vegetation, land desertification
and salinization, as well as a high frequency of sand
storms (Wu et al. 2002; Feng et al. 2004). Because of
the unique geographical location and arid features in
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the Heihe River Basin, the relationship between
groundwater level and vegetation growth has become
an issue of widespread and high-priority concern.
Over the past few decades, scientists have carried
out many researches on the assessment and utilization
of water resources in the Heihe River Basin to understand the relationship between water and environment
and improve water management practices (Feng,
1999). Chen et al. (2006) studied the recharge and
residence time of groundwater in the Heihe River Basin by using environmental isotopes. Wu et al. (2004)
analyzed the exchange between groundwater and river
water by using the 222Rn isotope in the middle of the
Heihe River Basin. The study of Chen et al. (2006)
revealed that the deep confined groundwater has an
age between 0 and 10,000 years, but the shallow
unconfined groundwater was recently recharged by the
Heihe River and irrigation return flow from agricultural
areas. However, previous work has put little emphasis on
comprehensive approaches to understanding the relationship between groundwater level and ecological systems as well as the interaction between soil water,
groundwater and water in ecosystems.
Based on long-term field observations of soil water
and groundwater in the lower reaches of the Heihe
River by using automatic instruments, the current
study tries to elucidate (i) variations in soil water and
groundwater, (ii) the main controls on the vegetation
growth imposed by hydrological conditions, and (iii)
the development of a conceptual model linking soil
water, evaporation, and groundwater in different
growing periods of vegetation.

1 Materials and methods
1.1 Study area
The research was conducted at the Alashan Desert
Eco-hydrology Experimental Research Station (abbreviated as Alashan Station) (883.54 m asl) located in
the Ejin oasis in the lower reaches of the Heihe River,
an area which covers more than 6×105 km2 in northwestern China (Fig. 1). The oasis in the central part of
the Heihe River Basin has a slope gradient of
1/100–1/1,200, with its topography sloping northeastward (Fig. 1; Feng et al., 2002). The region’s climate
is extremely dry with a mean annual precipitation of
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Fig.1 The location of Ejin oasis and sampling sites within the Heihe River Basin and China. 1, Bedrock; 2, Gobi; 3, Wetland; 4, River
course; 5, Desert; 6, Ancient lake; 7, Swamp; 8, Lake; 9, Sampling points.

36.6 mm, and less than 10 mm in some places. The
mean annual evaporation is 3,505.7 mm, with a
maximum value of 4,384.4 mm. Heat energy is abundant, with an annual mean air temperature of 8.2°C.
The existence of the oasis relies entirely on water from
the upper and middle reaches of the Heihe River (Feng
and Liu, 2003).
Plant species in the study area are sparsely distributed. According to field investigations, there are 268
species, 151 genera and 49 families of plants in the
area. Of the 49 families, some contain more than 30
species, including Compositae (81 species), Chenopo-

diaceae (47 species) and Gramineae (33 species);
other families include Leguminosae (15 species), Polygonaceae (11 species), Cyperaceae (11 species) and
Tamaricaceae (10 species). The above seven families
contain 208 species, accounting for 72% of the total
species number; they are the dominant plant species in
the region (Si et al., 2008). Some mesophytic and hydrophilous trees, shrubs and herbs occur along the
banks of the Ejin River and in the lacustrine plain, the
main species being Populus euphratica, Elaeagnus
angustifolia L., Tamarix spp., Phragmites communis
Trin., Achnatherum splendens (Trin.) Nevski, Sophora
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alopecuroides L., Glycyrrhiza uralensis Fisch., Carex
spp., etc. Species surrounding the oasis include various shrubs and herbs, such as Nitraria tangutorum,
Artemisia spp., and Agriophyllum arenarium M. Bieb.
Some sparse xeric species occur in the low-mountain
and hilly regions and gobi plains, including Reaumura
soongorica (Pall.) Maxim., Nitraria sphaerocarpa Maxim.,
Ephedra przewalskii Stapf, Zygophyllum xanthoxylon
(Bunge) Maxim., Sympegma regelii Bunge, Anabasis
brevifolia C. A. Mey. and Calligonum spp., etc.
The soil parent materials of sandy gobi in the Ejin
delta are river alluvial-diluvia deposits, and long periods of wind erosion have greatly decreased fine soil
particle content (Feng et al., 2009).
1.2 Methods
Soil water content measurements were taken weekly
from the surface to a depth of 1.0 m, using both neutron moisture probe (MODEL 4300, Troxler Electronic Laboratories, Inc., Research Triangle Park, North
Carolina, USA) and oven drying methods. In the top
0.2-m soil layer, a surface neutron moisture probe was
used to measure the average moisture. The probe was
calibrated at the time of tube installation using gravimetric soil water and bulk density measurements
(Holmes, 1956).
The soil physical characteristics were determined
from core samples using ceramic tension tables and a
pressure plate apparatus following the procedure of
the US Soil Conservation Service (1967). Bulk density
was determined using samples of a given volume
processed in a steel cylinder. Soil property measurements were taken at eight sites in the sampling period
of 2005–2008. The analysis methods were from
Briggs and Shantz (1921), Bresler et al. (1969), and
Hillel (1974, 1982).
The particle size distribution of soil samples was determined by sieving the aqueous suspension after dispersion by treatment with hydrogen peroxide to remove organic matter, hydrochloric acid to remove carbonate, and
mechanical agitation in dilute sodium hexametaphosphate solution (Bouyoucos, 1951; Brewer, 1964).
For bulk density and organic matter content analyses, soils were sampled at different depths of the 1-m
topsoil using a steel cylinder (100 cm3), and samples
were brought to the laboratory, dried for 1 day at
105°C and analyzed soon afterward. Organic matter
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content was determined by the loss-on-ignition methods (4 h at 650°C). The average organic matter content
in every 0.1-m soil layer was calculated from three
replicate samples drawn from that layer.
The 13C and 18O stable isotope composition of CaCO3
(aragonite plus calcite) was measured for the <62.5µm fraction of 22 samples using a VG PRISM mass
spectrometer and standard preparation methods (Drimmine et al., 1992). Selective acid extraction provided
data for CaCO3 with minimal dolomite interference
(Al Aasm, 1990). Replicate analysis results were
within ±0.4%, as outlined in Tarutani et al. (1969),
Van Stempvoort et al. (1994), and Romanek et al.
(1996).
Soil electrical conductivity was determined using
electromagnetic induction (Rhoades and Corwin, 1980;
Corwin and Rhoades, 1982; Dalton et al., 1984). Details of measurement methods and calibrations for
each individual soil sample were obtained from
Rhoades (1976, 1978, 1980 and 1984). Chinese Hydrological Yearbooks, compiled for provinces including Qinghai, Gansu, and Inner Mongolia, present detailed hydrological information dating back to the
1960s. Data from three gauging stations in the region,
covering more than 40 years, were available.
Groundwater information was obtained from the Survey Reports of the Second Geology Investigation
Team (1975, 1990, 1995, and 2008).
Precipitation, evaporation and other meteorological
data for the region mainly came from weather stations,
with 99% of the records being complete from 1960 to
2008. A relatively stable network of stations and consistency in the operational procedure since 1960 ensure the quality of surface observations. Other data
such as vegetation cover and desertified land area
were drawn from various references.

2 Results and discussion
2.1 Relationship between groundwater table depth
and ecological balance
Groundwater constitutes the main part of water resources and plays an important role in water supply
and eco-environment management in the arid Ejin.
The main eco-environmental problems are soil salinization and vegetation degradation. The groundwater’s
eco-environmental indices vary with regions, and the
threshold values of the indices change according to the
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climatic and soil conditions. In an artificial oasis the
groundwater’s eco-environmental indices mainly include soil water content, soil salinity, and the groundwater table depth.
The distribution of vegetation in the arid region is
closely related to groundwater table depth (WTD).
Different plant species have different capacities to
adapt and respond to changes in WTD. To elucidate the
relationship between plants and WTD, as well as that
between WTD and the ecological balance, plants’ hydro-ecological interaction must be determined, particularly in terms of the dependence of their root systems.
Generally, the rhizosphere of shallow-rooted trees is
located within a soil layer of 1.0 m. Desert plants have
developed shallow horizontal root systems, which can
take up topsoil water arising from atmospheric precipitation and dew, as well as deep, vertical root systems, which can extract water from the subsoil in order to meet the plants’ physiological requirements
(Table 1). The calculation of a water balance shows
that the volume of root zone is an important factor
affecting the survival rate of seedlings during afforestation. Only when water inputs into the root zone exceed water losses can successful afforestation occur.
The extent of the horizontal root system is an important index of a plant’s drought resistance under
non-irrigated conditions: the larger the horizontal root
system and water catchment area, the greater the
quantity of water taken up, and the greater the drought
resistance.
The main plant species in the Ejin oasis include the
desert riparian tree species of Populus euphratica and
Elaeagnus angustifolia; xerophytes and halophytes
Nitraria tangutorum, Artemisia desertorum, HaloxyTable 1

Vol. 4

lon ammodendrom, Tamarix chinensis, Kalidium foliatum (Pall.) Moq. and Karelinia caspia (Pall.) Less;
hydrophytes Phragmites communis, Calamagrostis
epigejos (L.) Roth., Aneurolepidium dasystachys (Trin.)
Nevski, Achnatherum splendens, etc. The root systems
of these plant species are generally distributed within a
soil layer of 3 m, and are mainly concentrated in the
topsoil of 1.5 m.
Populus euphratica, a newly introduced species in
Ejin, has developed horizontal root systems in a depth
ranging from 1 to 3 m. The experiments on cutting
poplar roots to promote tillering, undertaken at the
Qidaoqiao Poplar Reserve in Ejin, showed that when
0.8 m<WTD<1.8 m, the root systems of poplar trees
were mainly distributed in a soil layer of 1.0–1.5 m
(Table 1).
Under non-irrigated conditions the limiting WTD in
the poplar forest was 4–5 m, along with a soil moisture
volumetric content (θ, water volume per volume soil) of
no less than 1.5%. When WTD varied between 3 and 4
m and θ>1.5%, poplar trees grew normally, but when
WTD exceeded 5 m and θ<1.5%, the growth of poplar
trees was limited (Table 2). Likewise, when WTD varied between 3 and 4 m and θ>1.0%, drought-resistant
Tamarix shrubs grew normally, but when WTD exceeded 5 m and θ<1.0%, their growth was suppressed.
When WTD varied between 3 and 4 m, Elaeagnus angustifolia grew normally; however, when WTD exceeded 5 m, they grew poorly (Feng and Cheng, 1998).
Although psammophytes have similar root systems,
they require a reasonably shallow WTD, e.g. Calligonum mongolicum shrubs are shallow-rooted, and
their optimal WTD is roughly 3 m. If the WTD>5 m,

Variations in plant root system for species common in the lower reaches of the Heihe River Basin

Plant species
Populus euphratica
Elaeagnus angustifolia
Tamarix chinensis
Artemisia sphaerocephala
Nitraria tangutorum
Kalidium gracile
Karelina caspica
Phragmites communis
Glycyrrhiza uralensis
Apocynum sp.
Calligonum sp.
Reaumuria soongarica
Ephedra przewalskii

Root depth (m)
2.0–3.0
2.0–3.5
1.9
1.2
3.1
1.8
2.7
2.4
1.5–2.5
1.9
2.4
2.7
1.5

Range of depth at which the root system is densest (m)
1.0–2.5
1.0–1.5
0.7–1.4
0.2–0.4
1.0–1.8
0.8–1.0
0.5–0.8
0.3–0.8
1.0–2.0
0.6–0.8
0.4–0.8
0.4–0.8
0.5–0.8

Actual groundwater depth (m)
3.0
3.0
2.7
2.0–3.0
3.3
3.0
2.7
2.6
1.5–2.5
0.9–2.5
3.6
3.6
0.4
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Relationship between predominant plant species and maximum groundwater table depth (WTD)
Economic threshold (m)

Plant species

WTD

Range of variation

Suitable threshold (m)
WTD

Survival threshold (m)

Range of variation

WTD

Range of variation
<0.5

Phragmites communis

0.0–0.5

<0.5

0.5–1.0

<0.5

1.0–1.5

Populus euphratica

1.5–2.5

0.5–1.0

2.5–3.5

0.5–1.0

>5.0

0.5

Tamarix chinensis

1.0–2.0

0.5–1.0

2.0–3.0

0–0.5

>3.5

<0.5

Haloxylon ammodendron

1.5–2.5

<0.5

2.5–3.5

0–0.5

>4.0

<0.5

Table 3

Relationship between the groundwater table depth and the degree of land desertification
Degree of land desertification

Plant species

Potential

Slight

Moderate

Severe

Groundwater table depth (m)
Populus euphratica

<4

4–6

6–10

>10

Elaeagnus angustifolia
Tamarix chinensis
Nitraria tangutorum

2–3
<5
<5

4–5
5–7
5–7

5–6
7–8
7–8

>6
8–10
8–10

or θ<1.0% they will die off. Tamarix chinensis and
Nitraria tangutorum reproduce primarily in a vegetative manner, so they are not very susceptible to sand
burial, sandblast or wind erosions. However if
WTD>5 m, they can’t survive (Table 2). Haloxylon
ammodendron shrubs are sand-fixing pioneer species;
however, they may die if water content in sand dunes
drops to as low as 1% (Feng et al., 2001). Thus, overall, when the WTD>4–5 m, psammophytes can barely
survive, while if it drops to below 6–7 m almost all the
plant species will die off.
Generally, the thickness of the dry soil layer reaches
a maximum (0.30–0.50 m) in the spring. When wind
velocities reach 4.5 m/s, sands begin to move and the
annual deflation depth can reach 2.2 mm. Strong
winds in shifting sandy lands have been reported to
result in a deflation depth of as much as 30–50 mm in
some locations. Field investigations in the Ejin oasis
indicate that under the same WTD and vegetation type
the degree of land desertification can vary (Guo et al.,
2009; Table 3). The WTD should be shallower than
4–5 m so that land desertification can be avoided.

important aspect in plant ecological research, and its
study in the lower reaches of the Heihe River will contribute to a better understanding of the environmental
evolution trends in the region.
In the lower reaches of the Heihe River, 71 sampling plots (Fig. 1) within 5 typical plant communities
were selected on different terrains. Volumetric soil
moisture content, soil salinity, precipitation, soil organic matter and pH were measured at each site, and
the plots were then classified and ordered according
to these parameters. A regression analysis was performed between vegetation cover and the main environmental factors (n=71; Figs. 2, 3). The environmental factors of soil CO32− or HCO3−, pH and
organic matter showed little correlation with plant
community type.
From the diluvial-alluvial fan edges on both banks
of the Heihe River to the feet of the mountains the
elevation rises gradually; temperature drops; precipitation increases, and soil water condition improves. The
zonal Reaumurica soongorica, Sympegma regelii and

2.2 Changes in phytoecology and eco-environment
Small variations in the harsh environmental conditions
in the lower reaches of the Heihe River may cause
substantial changes in vegetation type, plant species
and community structure. Besides water and thermal
resources availability, other environmental factors are
also important for the growth, development and reproduction of plant communities. The relationship
between vegetation and ecosystem has long been an

Fig. 2 Relationship between vegetation cover and soil moisture
content in the lower reaches of the Heihe River
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low (S=5.0 mS/m), plant species numbered 6 or 7,
showing a close relation between soil salinity and the
number of plant species. Thus, the main environmental
factors affecting vegetation cover and species diversity
in the lower reaches of the Heihe River were θ and
soil salinity.
2.3 The groundwater level of ecological warning
and its implications
Fig. 3 Relationship between groundwater table depths and plant
growth conditions. Different segments of the curve indicate different plant growth conditions.

Nitraria sphaerocarpa, and their associated plants
were widely and regularly distributed. Salsola passerina Bunge occurred mainly on the piedmont diluvial
fans; Ephedra przewalskii and Calligonum mongolicum on mid-low mountains, hills, interdune depressions and both sides of the river channel; Tamarix
chinensis and Lycium ruthenicum Murray on salinized
lands with shallow WTD; and Phragmites communis
along the river and in swamp lands with shallow
WTD.
The vegetation cover varied with soil moisture,
generally increasing linearly with increasing soil moisture content in the soil layer of 0–1.0 m (Fig. 2):
%VC=3.296+1.396θ, (P≤0.001).
(1)
2
2
Where %VC is vegetation cover (m /m ), and θ is
volumetric soil moisture content (%) in the 1.0-m topsoil layer. When θ was about 1%, then 4%<%VC<5%;
when θ was about 5%, then %VC reached 8%; and
when θ>20%, then %VC>30%. Thus θ clearly has a
significant effect on %VC in the lower reaches of the
Heihe River.
Plant species diversity and soil salinity were closely
related. High soil salinity can exacerbate drought severity, and make it more difficult for plants to uptake
water. Thus, on salinized lands plant growth and reproduction can be hindered, whereas in soils with low
salt content plant species are abundant. The following
relationship between soil salinity and plant species
diversity was found:
N=6.945e0.08/S, (P≤0.01).
(2)
Where N is the number of plant species, S the soil
electrical conductivity (mS/m) ×1000.
When soil salinity was high (S=10.0 mS/m) only 3
plant species were present; when soil salt content was

Based on the relationship between psammophyte
growth and WTD, Bushev (1944) put forward the concept of a critical WTD in order to explain soil salinization problems. Likewise, in order to protect vegetation
from being threatened by an excessive withdrawal of
groundwater, he put forward the concept of a groundwater level threshold of ecological warning, which
may vary with different types of vegetation, and serves
as a warning against impending ecosystem collapse
(Fig. 3, Table 2).
Changes in ecological parameters within an optimal
range have little influence on plant growth, whereas
beyond this range a small change can significantly
affect vegetation (Table 2). The basic points are: (i)
the suitable point of WTD, (ii) the groundwater level
threshold of ecological warning, when soil water content drops to below field capacity and approaches the
plant’s wilting point, and (iii) the critical groundwater
level for salinity control which represents the groundwater level at which evaporation in the driest season
will not cause salt accumulation in the surface soil
layer. Consequently, when the WTD is close to the
critical groundwater level for salinity control or to the
groundwater level of ecological risk, its fluctuations
can significantly affect plant growth (Yuan, 1985).
The environmentally critical groundwater level or
groundwater level threshold of ecological warning
discussed and expressed as WTDx in this paper is defined as the WTD at which the largest evapotranspiration and greatest groundwater withdrawal rates occur.
A region’s WTDx can be determined by applying the
environmental gradient method (Ji, 1983) to accurate
observations of plant- water physiological relationships at fixed sites.
According to analyses of the relationship between
psammophyte communities and WTD under long-term
observations (Tables 1–3), the WTDx for the indicator
plant species Elaeagnus angustifolia, Tamarix chinen-
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sis and Nitraria tangutorum in the Ejin region is 4 m
deep. The main task in protecting the desert oasis ecosystem is to maintain the WTD below the critical level
for salinization control and above WTDx (Fig. 3).
Thus, land desertification and soil salinization can be
avoided, and groundwater can be exploited rationally.
2.4

Water resources development model and exploitable volume

The concepts of renewable (Qr), ecological (Qs) and
exploitable (Qk) water resources were defined as follows:
Qr refers to the quantity of water resources rapidly
renewed through the extended working of the hydrological cycle. In a region where groundwater resources
have been heavily exploited, these resources can be
restored to a dynamic balance, through groundwater
transferring from adjacent regions. However, if the
aquifer is exploited to a great excess and not recharged
for a long time, the water resources become non-renewable, as in the Ejin oasis.
Qs refers to the quantity of water required to maintain sustainable ecosystem development, without consideration for agricultural irrigation or other human
demands. Plant water requirements occupy a large
proportion of Qs, of which the free water required for
plant metabolism and the bound water needed to cope
with adverse environmental conditions are commonly
termed as physiological water. The remainder includes
the quantity of water required to adjust soil temperature, dissolve fertilizers, improve the microclimate,
and avoid wind erosion and desertification.
Owing to the physical limitations in the environment, many plant species have a potential to be more
productive under ideal conditions. If the regulation of
the WTD results in a periodic fluctuation of groundwater levels and causes a synergistic effect between
vegetation and other ecological factors, plant growth
will be benefited (Kang et al., 2000).
Qk is the maximum water yield obtainable from a
aquifer, where the process of exploiting the shallow
groundwater in a hydrologically-linked region (e.g. a
small basin, a hydrogeological unit, a water source
area or a desert oasis) neither destroys the ecological
niches of plant communities nor dries up nearby water
bodies (e.g. springs, lakes, fish ponds) when the highest groundwater evaporation rate at WTDx occurs.
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For a natural ecosystem, renewable water resources
are always the sum of ecological water resources and
exploitable water resources:
(3)
Qr=Qs+Qk.
When dynamic observations of WTD are available, Eq.
3 can be rewritten as:
(4)
μ·Δh·F =Qs+Qk.
Where μ is the average water supply coefficient, Δh
variation of groundwater level, and F the area of the
region for which water resources are assessed (km2).
With existing dynamic WTD observations, the
mathematical expression for the quantity of exploitable water resources can be derived from the correlation between the quantity of exploitable water (Qk)
and the WTD:
Qki=(WTDxi–Ai–Si)/Bi–Qli, (i=1, 2, 3, ……n). (5)
Qk=ΣQki, (i=1, 2, 3, ……n).
M=Qk/F.
(6)
Where Ai and Bi are constants of related equations,
drawn from long-term observational data. M is the
ecological exploitation modulus (104 m3/(km2·a)), Qki
(108 m3/a) the quantity of ecologically exploitable water resources in a given subregion classified according
to aquifer attitude type (m) and vegetation cover, Qk
(108 m3/a) the total ecologically exploitable water resources for the entire region being assessed, Qli (108
m3/a, about 2.43×108 m3/a) the groundwater runoff
necessary to avoid the deterioration of the surrounding
aquatic environment (Feng et al., 2008), Si (m) the
annual range in WTD, WTDxi (m) the environmentally
critical groundwater level in a given subregion, and i
the subregion number.
The quantity of ecologically exploitable water resources in the Ejin region was calculated according to
Eqs. 3–6.
Roughly 9.4% and 90.6% of the Ejin region’s
groundwater originates from atmospheric precipitation
and subsurface lateral runoff, respectively (Ma and
Qian, 1997; Ma and Gao, 1998). Since groundwater in
the Ejin region mainly comes from inflow arising in
the upper to middle reaches of the Heihe River, the
upper reaches-originating water inputs involved in
maintaining sustainable downstream ecosystem development (Ql) is calculated according to the relationship between upstream incoming flow and the deepest
annual WTD (WTDmax) in the low-lying region.
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Figure 4 presents the result of regional WTD observations since 1957. Accordingly, a linear correlation between WTD and inflow at Zhengyixia station
was established for a period of nearly 40 years (1957–
1995):
WTD=4.3681–0.3713×10–8 Ql.
(7)

Fig. 4 Relationship of groundwater table depth and water inflow
in the lower reaches of the Heihe River

According to a physical interpretation of Eq. 7 and
local ecological limiting factors, the study defined the
annual maximum and minimum water supply volumes
for the different regions. Natural environments in the
desert regions are harsh, and changes in water-related
factors can cause chain reactions. Local water consumption for the natural ecosystem, the relationship
between WTD and psammophyte growth regime, and
the quality of groundwater could determine the need
for replenishment of groundwater. The greatest problem in the Ejin region is to determine the appropriate
WTD range, in an ecological perspective. According
to field observations, when near-bank (1–2 km) WTD
in the Ejin oasis fell to below 3 m, the WTD in the
more distal zone (2–4 km) dropped to below 4 m.
Therefore, the deepest designed WTD for the
near-bank zone should be 3 m, while that for environmental restoration should be 2 m. Since the lowest
WTD coincides with riparian plants’ critical water
demand, the relationship between WTD changes in the
lower reaches of the Heihe River and the incoming
flow from the middle (Fig. 4) can be described as:
WTDmax=4.368–0.37×10–8 Qkmax.
(8)
Where WTDmax (m) is the maximum WTD during the
dry period, and Qkmax (108 m3) is the maximum water
requirement at WTDmax.
As calculated from Eqs. 3–8, for a maximum WTD
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of 3 m (allowing the region’s vegetation to be restored), 2.5 or 2.0 m, the minimum water supplies required would be 0.39×108, 0.53×108, 0.68×108 m3/a,
respectively. According to the Water Distribution
Scheme of the Main Stream of the Heihe River promulgated by the Chinese Ministry of Water Resources,
when the mean discharges at the mountain valley
mouth are 1.70×108, 1.58×108, 1.42×108 and 1.29×108
m3/a, respectively, the draw-off discharges at Zhengyixia station are 1.09×108, 0.95×108, 0.76×108, and
0.63×108 m3/a, respectively. When the inflow reaches
1.10×108 m3/a, the WTD in the oasis ranges between 2
and 3 m, whereas, if the inflow is limited to 0.63×108
m3/a, the WTD will vary between 3 and 4 m, i.e.
WTD>WTDx.
2.5 Exploitable water resource amount
According to the general law of inflow and groundwater recharge, if the deepest annual dynamical WTD
in a shallow groundwater region (WTDmax) and the
ecological warning groundwater depth (WTDx) are
viewed as sequential parameters which can serve in
the study of evolutional trends in the quantity of exploitable water resources or of water requirements, i.e.
Qx, then we can accurately estimate the ecological
capacity of the aquatic regime. The exploitation of
water resources in the Ejin oasis can be divided into
three interchangeable types: recoverable, coordinated
and predatory. This provides a basis for ecological
regionalization and the study of the influences of midstream water diversion on downstream WTD and
ecosystems.
Recoverable exploitation occurs when ((WTDx–
WTDmax)/WTDx)>0 and QΔx (QΔx is the variation
value of Qx) increases (Fig. 5a). In such a case, the
amount of ecological water supply exceeds the ecological water consumption; the WTD gradually raises;
the volume of groundwater resources increases; ecosystems tend to be restored; and water availability
within the environment is improved. This situation
indicates that local water resources are not a limiting
factor to economic development and there is a certain
potential to develop groundwater resources.
Coordinated exploitation occurs when ((WTDx–
WTDmax)/WTDx)=0 and QΔx approaches zero (Fig. 5b).
Under such conditions, the water supply and ecosystem
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Fig. 6 Annual mean groundwater table depth in the lower
reaches of the Heihe River (1989–1995). Upper reaches, location
at Laoximiao in Fig. 1; Middle reaches, location at No. 2 sampling
site in Fig. 1; Lower reaches, No. 1 sampling site in Fig. 1.

3 Conclusions

Fig. 5 Relationship between the groundwater table depth variation and maximum groundwater table depth; a, WTDx>WTDmax; b,
WTDx=WTDmax; c, WTDx<WTDmax.

water requirements are balanced; the ecological capacity of the aquatic environment reaches its limit;
WTD is stable; and the ecological regime and production are in a coordinated state. In such a case, unexploited groundwater is in a relatively balanced state.
However, efforts should be made to avoid excessive
withdrawals of groundwater for economic development.
Predatory exploitation occurs when ((WTDx–
WTDmax)/WTDx)<0 but QΔx decreases (Fig. 5c). In
such a case, ground and surface water cannot meet
ecosystem water requirements and the ecological regime of the aquatic environment is destroyed (Fig. 6).
This result indicates that the region is facing a water-shortage problem and ecosystems are worsening.
Measures should be adopted to increase surface water,
recharge groundwater, close pumping wells to decrease groundwater extraction, and decrease the area
of cultivated lands to protect the oasis.

As water resources are among the primary factors
regulating ecosystem productivity in arid regions, excessive exploitation of water resources would lead to
ecosystem degradation. Therefore, an environmentally
critical WTD indicator should be developed in a manner which considers both ecological and hydrogeological issues. An arid inland river basin management
model based on the concept of an ecologically sustainable portion of exploitable water resources should
be developed and used to address regional development issues and associated exploitation of shallow groundwater resources from the desert oasis. By using
precise WTD data recorded at several observation
points and the ecological sequence method (i.e. environment gradient method) we can estimate the water
availability.
According to the relationship between water supply
from the middle reaches of the Heihe River and
groundwater level variations in the Ejin oasis of nearly
40 years, the minimum and maximum water supply
volumes are 5.3×108 m3/a and 3.85×108 m3/a for the
Ejin delta, respectively. The water supply volume can
ensure that groundwater levels of the oasis remain
between 2.0–4.0 m, which is an optimal range for
plant growth. The model is applicable for the analysis
of groundwater level changes in the assessment of
regional water resources under the situation of limited
hydrogeological information or unavailable data. This
study showed that the developmental types of water
resources in arid regions could be divided into recoverable, coordinated and predatory.
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Strategies to protect and restore ecosystems in the
Heihe River Basin include the return of grazing lands
to wetlands, the control of per capita water consumption, adjustment of cultivation practices, greater water-conserving inputs, reduction of irrigated croplands,
and increase in irrigated grassland areas. In the distribution and utilization of water resources, we should
not only consider economic benefits, but also take into
account environmental water requirements, using field
measures to assess when to replace leaky canals, manage water-soil salinity, standardize the management of
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surface and groundwater, and optimize the allocation
of water to diversions, storage and pumped irrigation.
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